For gold nanoparticles dependencies of low-coordinated atoms count and areas of different faces from nanoparticle size, shape and structure and temperature have been studied. The following recommendations for catalyst developers are proposed: for catalysis of reactions that occur on (111) face icosahedral nanoparticles smaller than 400 atoms must be preferred; reaction that occur on (100) and (110) faces and near low-coordinated atoms, should be better catalyzed by FCC nanoparticles; it should be taken into account, that temperature growth decreases amount of atoms on (111) and (110) faces, and, increases number of lowcoordinated atoms and an area of (100) faces.
Introduction
Almost all industrials chemical processes involve catalysts. Oil and gas refinery industry are no exceptioncatalysts are widely employed in cracking and reforming processes. Nowadays many reactions are catalysed by metals, including noble ones. Omnipresence of metallic catalysis is due to a huge diversity of metallic nanoparticles chemical properties that can be varied by controlling nanoparticle's size, shape and structure. Active study of metallic nanoparticles was initiated in 1987 by seminal paper of Haruta et al [1] : for a long time before the gold was considered as an inert metal, but they demonstrated that small enough (less than 5 nm) Au nanoparticles are a very effective catalyst. Since then numerous studies of metallic nanoparticles have been conducted in order to discover new catalytic processes [2] and to explane such a dramatic difference between chemical processes of bulk gold and gold nanoparticles [3] [4] [5] [6] [7] [8] . Understanding key factors that influence on interactions between reagents and nanoparticles paves the way to development of novel highly active and selective catalysts. Numerous reasons of high nanoparticles catalytic activity have been suggested: quantum size effects [9] , charge transfer between nanoparticles and support [10, 11] , spillover effects [12] [13] [14] , oxidation effects [15] , and an influence of lowcoordinated atoms on nanoparticle's surface [16, 17] . Experimental and computational studies give evidences that shape and structure of nanoparticles, including presence and amount of low-coordinated atoms, are crucial factors for chemical properties of nanoparticles, including a very important reaction of hydrocarbons processing -the Fischer-Tropsch synthesis [18] [19] [20] [21] [22] . The theoretical insight behind these observations is an assumption that active sites of different chemical reactions are metal atoms with specific coordination numbers.
In this study we have analyzed variations of low-coordinated atoms count with changes of nanoparticle's size, shape and structure and its temperature dependence.
Methodology and computation details
Earlier we have obtained configurations of Au nanoparticles that correspond to putative energy minima of facecentered cubic (FCC) and five-fold symmetry (5fs) structures [23] . In the present study, we computed the number of surface atoms with different coordination numbers for nanoparticles of a size range from 1.7 to 4.6 nm (from 140 to 3000 atoms, with 80 atom step). The size range selection was based on Refs [24] [25] [26] [27] [28] that revealed that Au nanoparticles from 2 to 4 nm show the highest catalytic activity.
Temperature dependence of coordination numbers distribution was studied on 2620 atoms nanoparticle. The temperature range was selected to be from 300K to 1300K (melting temperature of bulk gold is 1337 K). Computations were conducted with Monte Carlo method. Interactions between gold atoms were computed with empirical many-body Quantum Sutton-Chen potential [29] . Parameters of the potential were fitted [30] to cohesive energy and surface energies of different faces at the expense of lower precision of elastic constants. Nanoparticle shape is largely determined by its surface energy hence this parameterization tradeoff was considered suitable for aims of this study.
Results and discussion
To analyze the dependence of atom coordination number distribution on nanoparticle size, we have used the stable configurations from paper [23] . Fig. 1 shows examples of FCC and 5fs structures with atoms colored according to their coordination numbers. The largest part of the surface is constituted of atoms with coordination number 9 (pink atoms in Fig. 1) , that correspond to (111)-FCC faces, for both FCC and 5fs structure motifs. The amount of atoms of this kind is roughly the same for nanoparticles of both motifs larger than 1000 atoms (Fig. 2) . Atoms with coordination number 8 (gray atoms in Fig 1. ) correspond to (100) faces of FCC structure and to the edges between (111) faces of 5fs structures. Amount of atoms of this kind is smaller for FCC motif (Fig. 2) and grows with roughly the same speed for the whole size range considered here. Nevertheless, one may suppose that for significantly large sizes, the amount of atoms of this kind in FCC structure will exceed the 5fs motif, because surface area grows faster than edges length. But this reasonable suggestion is of a little practical impact -5fs structure is not stable for large nanoparticles.
Atoms with coordination number 7 are coded blue color in Fig 1. In FCC nanoparticles these atoms correspond to the face (110), that occasionally appears between (111) and (100) faces (including both types of edges -(100)-(111) and (111)-(111)). For FCC structure the amount of such atoms is higher than amount of atoms with coordination number 7, at least for the size range considered in this study. In nanoparticles with 5fs structure atoms with coordination number 7 correspond to chamfered vertices of the icosahedral shape, and to the steps of growing islands on the faces. For 5fs structure, opposite to FCC one, the number of such atoms is smaller than the number of atoms with coordination number 8 in the considered nanoparticles size range.
Atoms with coordination numbers 10 and 11 constitute from 0% to 3% of the surface and their amount barely depends on nanoparticle size. For FCC nanoparticles its average count is 1.73 atoms, for 5fs it is 17.43 atoms. These atoms usually correspond to defect surroundings or to the second layer of the (110) faces. Atoms with less than 6 nearest neighbors (red atoms in Fig. 1 ) are of a special interest to catalysis because of their ability to adjust to adsorbed chemical species and to form interesting transition complexes. They appear as vertices of nanoparticles themselves and of islands on nanoparticle's faces and near surface defects. Fraction of such atoms in overall surface decreases with nanoparticle growth. For icosahedral nanoparticles (5fs structure) this fraction is smaller than for cuboctahedral ones (FCC structure) for all sizes and becomes even smaller in a vicinity of sizes near "magic numbers" of atoms (147, 309, 561, 923, 1415, 2057, 2869) that tend to form shapes with complete external atomic shells (see Fig 3 for plot) .
In Monte Carlo studies of temperature dependence of coordination number distribution, for each temperature step 50000 Monte Carlo steps were used for relaxation and the next 50000 Monte Carlo steps were used for averaging measured quantities. For further averaging, 32 independent simulations were conducted.
The obtained temperature dependencies have a definite trend with small non-systematic fluctuations from it. For all considered coordination numbers, the amounts of corresponding atoms change linearly with temperature and are well described by the slope coefficients -k.
Overall square of (111) faces (defined by amount of atoms with coordination number 9) decreases with temperature growth for both structure motifs with the same speed, in both cases characterized by the slope coefficient k 9 = -0.003 (see Fig.4 for plots). Negative k for (111) face is expected from the common physical intuition -this face has the lowest surface energy, hence raise of the system energy caused by temperature growth is reflected by transformation of low-energy faces to higher-energy ones. It is interesting, that for both structures k 8 > 0 and k 7 < 0. It contradicts the common physical intuition, because (100) faces that correspond to coordination number 8, have lower energy, than (110). One expects that area of highenergy faces grows faster than an area of low-energy ones, but it is not the case as our computations show.
Amount of atoms with coordination number 6 and less (low-coordinated atoms) grows with rise of temperature for both structure motifs. For icosahedral shape k 5fs,6 = 0.004, for cuboctahedral shape kFCC,6 = 0.003. Although 5fs structure shows faster growth of low-coordinated atoms, FCC structure still possess significantly large number of them up to the melting temperature.
Conclusion
From the obtained results several recommendations for catalysis development can be derived. To catalyze reactions that occur on (111) face of gold crystals, icosahedral nanoparticle with 5fs structure are more preferential than nanoparticles with FCC crystalline structure. According to the study [23] , this icosahedral gold nanopaticles are less stable that FCC ones, but energy difference is small for sizes up to 400 atoms, hence icosahedral configurations despite being metastable can persist for a long time. So for catalysis of reaction on (111) face of gold, icosahedral nanoparticles smaller than 400 atoms should be used.
Reaction that occurs on (100) and (110) faces and near low-coordinated atoms, should be better catalyzed by FCC nanoparticles, that posses more atoms of these types.
Catalyst developers should note that temperature growth decreases amount of atoms on (111) and (110) faces, and, contrary, increases number of low-coordinated atoms and, surprisingly, an area of (100) faces.
